Optimal laser light delivery into turbid biological tissues was studied by using Monte Carlo simulations based on the delta-scattering technique. The goal was to deliver efficiently the maximum amount of optical power into buried tumors being treated while avoiding potential damage to normal tissue caused by strong optical power deposition underneath the tissue surface illuminated by the laser beam. The buried tumors were considered to have much higher absorption than the surrounding normal tissue because of selective uptake of the absorption-enhancement dye. The power delivering efficiency to buried tumors was investigated for various diameters of the laser beam. An optimal beam diameter was estimated to achieve the maximum product of the power coupling efficiency and the power delivered to the buried tumor. The distribution of power deposition was simulated for single-beam delivery and multiple-beam delivery as well. The simulated results showed that with an appropriate dye enhancement and an optimal laser delivery configuration, a high selectivity for laser treatment of tumor could be achieved.
Introduction
Laser-tissue interactions and their therapeutic applications is a fast-growing research area. Biological tissues are turbid media in which light attenuates rapidly because of light absorption augmented by strong light scattering. As a consequence, deeply buried tumors usually receive much less optical power than the subsurface normal tissues, which hampers efficacious optical treatment of tumors. The tumor treatment can be improved by maximizing the power delivered to the target tumors while avoiding damaging subsurface normal tissues. Specifically, several steps may be taken. First, the absorption coefficient of tumors may be significantly increased by infusing dyes into the tumors. Second, the wavelength of the laser light may be selected to maximize the ratio between the absorption of the tumor and that of the surrounding normal tissue. Third, the light delivery scheme may be optimized to maximize the power absorption by the target tumors. We concentrate on the third approach in this paper.
In previous studies the effect of the diameter of the laser beam was investigated while the power density of the laser beam was kept constant. 1, 2 In this paper, Monte Carlo simulations were used to identify the optimal diameters of the laser beam and to investigate the effect of multiple-beam delivery compared with single-beam delivery in the condition that the location of the buried tumor is known and the absorption of the tumor is enhanced.
Method
Monte Carlo simulations of light transport in tissues have been implemented previously for simple tissue geometry. [3] [4] [5] [6] [7] [8] To compute light distributions according to tissue geometry and optical properties, including refractive index n, absorption coefficient a , scattering coefficient s , and anisotropy factor g, we have written a Monte Carlo program in C for tissues with buried objects. We used the delta-scattering technique 9 for photon tracing to greatly simplify the algorithm because this technique allows a photon packet to be traced without directly dealing with photon crossings of interfaces between different types of tissues. This technique can be used only for refractive-index-matched tissues, although it allows the ambient clear media ͑e.g., air͒ and the tissue to have mismatched refractive indices. Since most soft tissues have similar indices of refraction, this limitation does not pose a problem in our simulation.
We assume that the tissue system has multiple tissue types with identical refractive indices. The interaction coefficient of the ith tissue type, defined as the sum of a and s , is denoted by i . The deltascattering technique applied to light transport in biological tissues is briefly summarized:
͑1͒ Define a majorant interaction coefficient m , where m Ն i for all i. In this study, m was set to the maximum i among all tissue types.
͑2͒ Select a step size R between two consecutive interactions based on the majorant interaction coefficient,
where is a uniformly distributed random number between 0 and 1 ͑0 Ͻ Յ 1͒. Then, determine the tentative next collision site r k Ј by
where r kϪ1 is the current site and u kϪ1 is the direction of the flight. The direction of the flight is determined according to the probability distributions of deflection and azimuthal angles at each interaction site. 7 ͑3͒ Play a rejection game: ͑a͒ Get another random number , which is uniformly distributed between 0 and 1 ͑0 Ͻ Յ 1͒. ͑b͒ If Յ i ͑r k Ј͒͞ m , i.e., with a probability of i ͑r k Ј͒͞ m , accept this point as a real interaction site ͑r k ϭ r k Ј͒. ͑c͒ Otherwise, do not accept r k Ј as a real interaction site but select a new path starting from r k Ј with the unchanged direction u kϪ1 ͓i.e., set r kϪ1 ϭ r k Ј and return to step ͑2͔͒.
At each real interaction site, a fraction a ͑͞ a ϩ s ͒ of the photon packet is absorbed and the rest are scattered. The tracing continues until either the weight of the photon packet is below a set threshold or the packet exits the tissue system. A subthreshold photon packet experiences a Russian roulette to conserve energy. Since step ͑3͒ is very efficient, the delta-scattering technique is comparable with the standard Monte Carlo simulation methods in computational speed. The detailed treatment of photon tracing after step ͑3͒ is similar to that in Ref. 7 and is not repeated here.
The validity of step ͑3͒ can be easily understood when an imaginary interaction event is introduced that changes neither the weight nor the direction of the photon. This definition implies that such imaginary interactions are not physically observable; i.e., they can be introduced with any interaction coefficient at any point. We may assume that the majorant interaction coefficient m is a sum of the real Re and imaginary Im interaction coefficients, where the real interaction coefficient Re is i ͑r k Ј͒. In the procedure outlined above, a fraction of the interactions,
are imaginary interactions. From another point of view, it is easy to see that on the average, for every m total interactions, there will be Re interactions accepted as real interactions. The mean free path for the majorant interactions in the delta-scattering method is 1͞ m , and the mean free path for the real interactions in the direct method is 1͞ Re . Therefore the photon moves to the correct interaction site when one uses the delta-scattering technique as it would when one uses the direct method because
where the left-hand side means the average distance traveled by the photon packet with m total steps or Re real interactions in the delta-scattering method, and the right-hand side means the average distance traveled with Re real interactions in the direct method.
During the tracing of each weighted photon, 7 the light absorption, reflection, or transmission was correspondingly scored into different arrays according to the spatial positions of the photon. Multiple photons are traced to achieve an acceptable statistical variation. For this study, 100,000 photons were traced.
This Monte Carlo program was used to simulate the power deposition for tissue configurations as shown in Fig. 1 . Figure 1͑a͒ shows a single-beam delivery scheme to a tissue slab with a tumor buried in the middle between the top and bottom tissue surfaces. The lateral dimensions in the xy plane were considered optically infinite, i.e., much greater than the penetration depth of light. Figure 1͑b͒ illustrates a multiple-beam delivery scheme to a tissue cube with a tumor buried in the center. One or more of the four beams may be selected to illuminate the tissue while the other beams are blocked.
Results
The single-beam delivery scheme as shown in Fig.  1͑a͒ was studied with the Monte Carlo program. The total power absorption by the buried tumor P tumor in watts and the maximum deposited power density in the tissue Q max in W͞cm 3 were simulated for different radii of the laser beam while the total incident power P s was kept constant ͑Fig. 2͒.
In determining the maximum power density deposited in the tissue immediately under the laser beam, the total incident power P s was set to 1 W for convenience. After the data point at zero radius of beam was removed, the following relationship was fitted into the Monte Carlo simulated Q max data by using the least-squares fit:
where r was the radius of the beam in centimeters, and Q max was in W͞cm 3 . Since the incident power P s was set to 1 W in this simulation, P tumor was equal to the fraction of the incident power that was absorbed by the tumor ␣ tumor . In general, ␣ tumor was the ratio between P tumor and P s , i.e., the efficiency of power coupling from the incident laser beam into the tumor.
The power absorption by the buried tumor P tumor was also simulated for different radii of the laser beam while the total incident power P s was varied to keep the maximum power deposition Q max constant ͑Fig. 3͒. For convenience, Q max was set to 1 W͞cm 3 . The product of ␣ tumor and P tumor was also shown in Fig. 3 . There existed an optimal radius of the laser beam to maximize this product, where the optimal radius was between 1 and 1.5 cm for this tissue configuration. The following relationship was fitted into the Monte Carlo simulated P s data for r Ն 4 cm by using the least-squares fit:
An analytical estimate of the optimal radius may be obtained by using the geometry in Fig. 4 . The dashed horizontal line underneath the tissue surface was one transport mean free path L t Ј below the surface. To the first-order approximation, the laser beam may be modeled as isotropic point sources one transport mean free path below the surface. 10 -12 Fig Fig.  1͑a͒ for the optical and geometric parameters. Fig. 3 . Diamonds, power of the incident laser beam P s ; solid curve, fit to P s for a radius greater than 4 cm. Squares, power absorption by the tumor P tumor . Circles, power coupling efficiency ␣ max . Triangles, product of the power coupling efficiency and power absorption by the tumor ␣ tumor P tumor as a function of the radius of the laser beam in the single-beam delivery to a tissue slab while the maximum power deposition Q max was kept constant at 1 W͞cm 3 . Refer to Fig. 1͑a͒ for the optical and geometric parameters. , and g ϭ 0.9. The diameter of the tumor was 1 cm. The thickness of ͑a͒ the tissue slab and ͑b͒ the side of the tissue cube were both 3 cm.
The coupling efficiency of power from these equivalent point sources to the tumor varied with the horizontal positions of the point sources. The coupling efficiency was the greatest at the center ͑ x ϭ 0͒ and decreased as x increased. When the distance between the point source and the center of the tumor was increased by one penetration depth ␦ compared with the shortest distance at x ϭ 0, the contribution of the point source would be significantly reduced. The horizontal coordinate corresponding to this distance was used to estimate the optimal radius of the laser beam r o . Two circles were drawn in Fig. 4 around the center of the tumor for the derivation, where the radii of the small and large circles were d t Ϫ L t Ј and d t Ϫ L t Ј ϩ ␦, respectively. The optimal radius was derived as
where d t is the distance between the center of the tumor and the upper tissue surface and ␦ is the penetration depth. The multiple-beam delivery scheme as shown in Fig. 1͑b͒ was studied with this Monte Carlo program. The distributions of power deposition are shown in Figs. 5͑a͒, 5͑b͒, and 5͑c͒ for beam radii of 0, 0.5, and 1 cm, respectively. The power of each beam was set to 1 W for convenience. The plots described the log 10 ͑absorption͒, where the absorption was the power deposition in units of W͞cm 3 . The general trend was that the more beams turned on for the light delivery, the more homogeneous and intense the power deposition in the tumor. The broader the beams, the more homogeneous the power deposition in the tumor while it would be most effective if the optimal radius as described by Eq. ͑7͒ was chosen. Figure 2 shows that the maximum power deposition Q max decreased with increasing beam size while the power of the incident laser beam P s was kept constant. As the beam broadened, the edge of the beam contributed less and less to the maximum power deposition Q max near the center of the beam. The relationship between the maximum power deposition and the radius of the beam was described by the empirical expression in Eq. ͑5͒. Since the power density of the laser beam was inversely proportional to the area of the beam while the power of the beam was kept constant, Eq. ͑5͒ may be reformulated as
Conclusions and Discussion
Therefore the maximum power deposition Q max was not proportional to the power density as one might have anticipated but proportional to the power density raised to a power of less than unity while the power of the incident laser beam P s was held constant. Although Fig. 2 was generated for a constant incident power, P s ϭ 1 W, the results in the figure may be scaled according to the actual incident power P s . Based on the actual power P s of the laser beam, an appropriate radius of beam may be selected to ensure that the maximum power deposition Q max is below the damage threshold Q th . Figure 3 shows that when the maximum power deposition Q max was kept constant, the power of the incident laser beam P s increased with the radius of the beam rapidly at small beam radii but became linear with the square of the beam radius. Since the power coupling efficiency from the edge of the beam to the site of the maximum power deposition Q max near the center of the beam decreased as the beam broadened, one may think generally that only the inner portion of a wide beam contributed to the maximum power deposition Q max and the outer portion made a negligible contribution. The power of the outer portion was proportional to the area of this portion and the power density of the beam. The power density of a sufficiently wide beam would be approximately constant with an increasing beam radius while the maximum power deposition Q max was held constant. Therefore the incident power P s of a wide beam was expected to increase with the square of the radius or with the area of the beam. Figure 3 also showed that the power deposited into the tumor P tumor increased rapidly with increasing beam size but gradually reached a plateau for a beam radius greater than 1 cm. The reason was that the efficiency of power transfer ␣ tumor from the incident laser beam to the tumor decreased with the radius of the beam. The product of ␣ max and P tumor reached a maximum near 1-1.5-cm radius, which encompassed an optimal radius.
The optimal radius may be estimated with Eq. ͑7͒ for the Monte Carlo simulations in Fig. 3 . The optical properties of the background tissue were a ϭ 0.1 cm
Ϫ1
, s ϭ 100 cm
, and g ϭ 0.9. The distance between the center of the tumor and the upper tissue surface d t was 1.5 cm. Therefore the transport mean free path was L t Ј ϭ 1͓͞ a ϩ s ͑1 Ϫ g͔͒ ϭ 0.099 cm (9) and the penetration depth was
The estimated optimal radius r o was 1.39 cm, which was in good agreement with the product curve in Fig.  3 . Although the size of the tumor would affect the absolute amount of laser energy deposited into the tumor, it does not affect the choice of the optimal beam size, where the tumor is assumed to be relatively spherical and optically homogeneous and to be centered below one transport mean free path. One transport mean free path in tissues is of the order of 1 mm in the visible and near-IR wavelength region.
The optimal laser beam radius, given in Eq. ͑7͒ and verified by our Monte Carlo simulations ͑Fig. 3͒, is very useful for laser therapy of deep tumors. By limiting the size of the beam, the unnecessary exposure and heating of the skin surface can be minimized. By expanding the beam, one can avoid the damage caused by the peak power deposition ͑"hot spot"͒ near the tissue surface. When the beam size is optimized, the power of the incident laser beam is efficiently coupled into the tumor and the power absorption by the tumor is nearly maximum. In clinical applications, the tumor location may be first obtained with an imaging modality such as ultrasonography, radiography, x-ray computerized tomography, magnetic resonance imaging, or optical tomography. The optimal beam size may then be estimated with Eq. ͑7͒. Figure 5 demonstrates the effect of multiple-beam delivery. When a narrow beam was used, the power deposition under the beam was much stronger than that in the tumor. Therefore it would be easy to damage the tissue directly under the beam. When the radius of the beam broadened to 0.5 and 1 cm, the power deposition under the beam was reduced significantly.
In Fig. 5͑c͒ the power deposition in the tumor was comparable with that under the beam. In all cases, multiple-beam delivery, especially four-beam delivery, had clear advantages over single-beam delivery. Compared with single-beam delivery, multiple-beam delivery could yield a more homogeneous power deposition in the tumor and a higher power delivered to the tumor without causing damage to the surrounding normal tissue.
In the simulations presented in this paper, the absorption coefficient of the buried tumor was assumed to be enhanced with dyes and reached 10 times that of the background normal tissue. With the use of near-IR lasers and matched dyes, this contrast may be further increased as in the case of 805-nm laser and indocyanine green [13] [14] [15] for photothermal interactions. The fact that the maximum power absorption by background tissue can be reduced with four beams to the level comparable with that absorbed by the tumor shows the promise for better therapeutic outcomes by optimizing the configuration of light delivery. Further optimization can be achieved by increasing the concentration of the dyes in tumors or increasing the number of beams. Surface cooling with liquid or gas can drastically reduce energy accumulation on the surface tissue. Scanning the laser beams around the tumor during the treatment can also reduce surface heating if the laser power can always be coupled into the tumor efficiently while the beam is scanned. The scanning approach would spread the energy absorption under the tissue surface while the tumor accumulates energy in the center of the background normal tissue.
Furthermore, when the total tumor direct killing is not the overriding objective, such as in the case of photothermal immunotherapy, 16 the source power can be reduced to an even more tolerable level.
The rapid attenuation of light in turbid media can significantly reduce the energy reaching the target tumors. However, the optimal beam size, the enhanced tumor absorption, and a multiple-beam delivery system can still allow the desired selectivity for target tissue as demonstrated by this study.
Although power has been used for this study, one may change the power to energy by replacing watts with joules, and the conclusions would apply to pulse laser beams as well. Note that this study investigates only the initial optical component of laser-tissue interactions. Once the optical power deposition in tissues is simulated, the power deposition may be used as the source term for further investigation into photothermal, photomechanical, or photochemical effects of interest.
Summary
Monte Carlo simulations based on the deltascattering technique proved to be a flexible and powerful tool in studying light transport in heterogeneous biological tissues. From studies of power deposition in buried tumors, one concludes that an optimal radius of the laser beam existed to achieve both high-power delivery efficiency and high-power absorption by the tumor. An estimate of the optimal radius was given analytically. Multiple-beam delivery was able to yield more homogeneous and greater power absorption by the tumor than single-beam delivery without damage to the normal tissues. These results provide guidelines for various laser therapeutics including photothermal therapies, photomechanical therapies, and noninvasive photosensitizerassisted laser therapies of deep tumors.
